This paper presents the retrofit of five conventional distillation trains for the separation of quaternary mixtures of hydrocarbons for feed compositions with high or low content of intermediate components. The retrofit implies the incorporation of liquid or vapour recycle streams among the conventional distillation columns. Each recycle stream removes one condenser or one reboiler. The introduction of thermal links can lower the energy consumption up to 40% in contrast to conventional distillation trains widely used in the industry. This efficiency in the use of energy is achieved because the recycle streams, introduced in the conventional distillation trains, reduce the remixing associated with higher energy consumption. Also, the introduction of recycle streams can improve the dynamic responses in contrast to those obtained in the conventional distillation sequences. Hence, the introduction of recycle streams in the conventional distillation sequences can improve both the energy consumption and the control properties.
Introduction
Conventional distillation trains are characterised by large demands of energy in the reboilers (Tedder and Rudd, 1978; Glinos and Malone, 1988; Fidkowski and Krolikowski, 1990) ; as a result, researchers and engineers are interested in developing new distillation arrangements that can reduce energy consumption. Most of those arrangements involves the use of thermally coupled distillation sequences (TCDS) which, in the case of the separation of ternary mixtures, can decrease the energy requirements around 30% in contrast to conventional distillation trains (Triantafyllou and Smith, 1992; Finn, 1993; Wolff and Skogestad, 1995; Hernández and Jiménez, 1996 , 1999a , 1999b Shah, 2002; Schultz et al., 2002) . Thermal links reduce remixing in conventional distillation schemes, which contributes to the energy savings achieved in thermally coupled distillation sequences (Triantafyllou and Smith, 1992; Hernández et al., 2003) . Nevertheless, mixtures with more than three components have not been studied to the same degree as ternary mixtures (Rong et al., 2003; Christiansen et al., 1997; Rong and Krawslaski, 2002) . Therefore, in this paper we present a study of the retrofit of conventional distillation sequences for the separation of quaternary mixtures of hydrocarbons (A,B,C,D) with low or high content of intermediate components; such choice of the compositions was made because, in the case of ternary mixtures, the energy savings depend strongly on the amount of the intermediate component. The TCDS obtained are subjected to a study of their dynamic properties under the action of feedback control. It is well known that the separation of a quaternary mixture can be done using the five conventional distillation trains (King, 1980) shown in Figure 1 . Figures 1A and 1B shown two classical distillation trains: the direct distillation train, in which the components are removed one by one in the overheads, and the indirect distillation train, in which the components are obtained one by one in the bottoms products. These sequences are widely used in industry. Conventional distillation trains can be changed into thermally coupled distillation sequences by removing a condenser and introducing a liquid recycle stream or eliminating a reboiler and adding a vapour recycle stream to the bottom of the column (Figure 2 ). For example, in the case of the conventional direct distillation train ( Figure 1A ), the reboiler of the first column is replaced by a recycle stream of vapour from the second column, and the reboiler of the second column is eliminated with a vapour recycle stream from the third distillation column. At this stage, recycle streams have been introduced, but it is necessary to optimise their flowrates in order to guarantee optimal energy consumption. Recycle streams are varied until the minimum energy requirement is detected, as reported in Hernández and Jiménez (1996, 1999b) . The number of stages remains fixed in both types of distillation arrangements because in the retrofit design only recycle streams are introduced and condensers and reboilers are eliminated. 
Case of Study
We have explored energy consumption, remixing and closed-loop dynamic behaviour of the five conventional distillation sequences shown in Figure 1 and the corresponding thermally coupled distillation schemes of Figure 2 , for the separation of two quaternary mixtures of hydrocarbons (Table 1) and two feed compositions ( Table 2 ). The study was carried out via rigorous simulations by using the process simulator Aspen Plus 11.1 TM . n-pentane, n-hexane, n-heptane, n-octane M2 n-butane, i-pentane, n-pentane, n-hexane 
Energy
In the first phase of the analysis, energy consumptions in the conventional distillation trains were obtained and compared (Table 3 ). For the case of mixture M1 and the two feed compositions, the CDS I ( Figure 1A ) was the most energy efficient; savings in energy of 37% and 11% for feed F1 and F2 respectively were obtained in comparison with the worst conventional distillation train. When the mixture M2 was considered, the sequences CDS V ( Figure 1E ) and CDS IV ( Figure 1D ) were the optimum options for the separation of feeds F1 and F2 respectively with savings of 58% and 41%.
In the second phase of the study, thermal links were introduced in the conventional distillation trains. As stated before, in order to obtain the optimum design in the use of energy, the interconnecting flows were varied until the minimum demand of energy was achieved. This task was completed with the process simulator Aspen Plus 11.1 TM . In the optimisation procedure the interconnecting streams were changed one by one and the optimisation curves were obtained. The optimum energy consumptions found for the thermally coupled distillation trains are shown in Table 4 . It can be observed, for the case of the separation of mixture M1 and the two feed compositions, that the TCDS I (direct thermally coupled distillation train) of Figure 2A was the most efficient and presented energy savings of 27% in comparison to the CDS I scheme (direct distillation train). It is important to note that in these cases, the conventional direct scheme was the optimum sequence for both feed compositions when thermal links were introduced.
For the separation of mixture M2 and the two feed compositions, the optimum thermally coupled distillation trains presented savings of 40% and 30% in contrast to the conventional distillation sequences.
In summary, the introduction of thermal links in the conventional distillation trains produced savings in energy of up to 40% in comparison with the optimum conventional distillation train. 
Remixing
Remixing, presented naturally in conventional distillation trains, causes inefficiencies in the use of energy. These inefficiencies increase the energy of the reboilers required for the separation. In Figure 3 we observe the composition profiles for the four components in the first column of the CDS I for the separation of the mixture M1 and feed F1, as a typical example. The composition of component B increases until a maximum of 0.57 and then decreases to 0.28 in the bottom of the column, that is a consequence of remixing for component B. A similar effect is presented in the composition of component C in the second column of the conventional distillation train CDS I. Having analysed all the mixtures and feed compositions, it was found that any conventional distillation column with at least one multicomponent product will have remixing.
Dynamic behaviuor
The optimum conventional and thermally coupled distillation sequences were subjected to a study of their dynamic responses under the action of feedback PI controllers. Changes in set points were considered and the optimal responses were chosen in terms of their IAE (Integral of the Absolute Error) values. Through the use of Aspen Dynamics 11.1 TM , the values of the controller gains (K c ) and reset times ( i ) that provided a minimum value of IAE for a set point change for each separation scheme were computed.
Regarding the dynamic responses under the action of feedback controllers for changes in the set points, Table 4 showns the IAE values for a positive set point change in each product composition. TCDS I outperformed the dynamic responses of CDS I for set point changes in components A and B as shown in Table 4 ; however, for components C and D, CDS I presented better values of the IAE. When a negative set point change of the same magnitude was implemented in each composition, a similar result was obtained. CDS I presented the best dynamic behaviour according to its lower values of the IAE (Table 4 ) in comparison to TCDS I for components B and D; on the other hand, when the set points of compositions of the products A and C were perturbed, TCDS I presented better dynamic responses than those obtained in CDS I. 
Conclusions
The retrofit of conventional distillation trains was studied introducing thermal links for the separation of quaternary mixtures of hydrocarbons. Energy savings of up to 40% were obtained because the retrofit reduced the inefficiencies of the conventional distillation trains. This result is important because the retrofit involved only the introduction of recycle material streams. The recycle streams decreased significantly the remixing effects presented in the conventional distillation trains, associated with higher energy demands. Also, the dynamic responses of thermally coupled distillation sequences were as good as those obtained in conventional distillation sequences and, in some cases, the dynamic responses of thermally coupled distillation sequences were better than those of conventional distillation schemes. These results can establish that the energy savings are achieved without adding potential control problems. The lower control efforts (lower values of IAE) required by TCDS for some of the case studies indicate that these options may also provide a more efficient use of energy during its transient times.
